Abstract. Experimental studies on neutron halo nuclei are reviewed. The recent development of radioactive nuclear beams enabled us to study detailed structure of nuclei far from the stability line. The neutron halos have been observed in nuclei near the neutron dripline by reaction measurements with intermediate-and high-energy radioactive nuclear beams. These nuclei are of a special interest in relation to shell structures near the dripline and to new excitation modes associated with the excess neutron on the nuclear surface.
Introduction
As one of the successful applications of radioactive nuclear beams, exotic structures have been observed in nuclei near to the driplines. One of the most interesting discoveries is the neutron halo [1, 2] . The nucleus 11 Li is the first observed case of a neutron halo, and is still the most interesting. Other nuclei that are considered to have neutron halos are 6 He, 11 Be, 14 Be and 17 B. There are also several nuclides that are neutron halo candidates. These nuclei have opened studies of the weakly bound nuclear system, which was not freely accessible before. Nuclear interactions in a low-density, asymmetric nucleus, shells for high-isospin nuclei, the collective motions of a low-density nuclear matter and loosely bound three-body interactions are among the current themes of interest related to these nuclei. In addition to the neutron halo, several data suggest the existence of a proton halo. However, it is not yet fully established.
This paper reviews studies of halo nuclei, mainly from the experimental point of view. Since 11 Be and 11 Li have been the most studied nuclei, discussions are mainly related to these nuclei. Experimental studies of some neighbouring nuclei are also included when necessary. Reviews of studies of nuclei far from the stability line on other structures and reactions, as well as on the neutron halo by radioactive nuclear beams, can be found in several places. Any interested reader is advised to obtain those review articles [3, 4] . Although many theoretical studies have been developed, I will show only that part which is strongly related to the present experimental review. Since the selection of material is very personal, readers are also encouraged to read reviews of theoretical studies [5, 6] .
Neutron halo concept
In nuclei near the dripline, the separation energy of the last nucleon(s) becomes extremely small. Compared with the common 6-8 MeV in stable nuclei, many dripline nuclei have either a nucleon or a two-nucleon separation energy that is less than 1 MeV. The neutrondensity distribution in such loosely bound nuclei shows an extremely long tail, called the neutron halo. Although the density of a halo is very low, it strongly affects the reaction cross section and leads to new properties in such nuclei.
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The apparent reason for the formation of a neutron halo is simple and can be understood in terms of a potential model. Let us assume that a nucleus has a neutron loosely bound to an inert core. We further introduce the simplification that the interaction potential between the neutron and the core is a square well, the size of which is that of the core nucleus itself. The wavefunction of the neutron outside the potential is written as where R is the width of the potential. Using this wavefunction, the density distribution of the neutron is written as ρ(r) = | (r)| 2 .
(1.
2)
The parameter κ, which determines the slope of the density tail, is related to a separation energy of the neutron (E s ) by
where µ is the effective mass of the system. As can be seen from these equations, when E s decreases κ becomes smaller and thus, the tail of the distribution becomes longer. Although the surface diffuseness is known to be equal for all stable nuclei, that constancy is now understood simply as a reflection of the nearly-constant nucleon separation energy (6) (7) (8) for stable nuclei. In fact, the asymptotic slope of the density distribution of stable nuclei is consistent with the slope calculated by (1.3) . In general, the surface diffuseness is expected to depend on the nucleon separation energy. The neutron halo is the most pronounced case for a small separation energy (< 1 MeV).
The momentum distribution [f (p i )] of the neutron is expressed by the Fourier transform of the wavefunction (1.1),
where p i is the Cartesian component of the momentum. The width of the momentum distribution is again related to parameter κ. In contrast with the density distribution, the smaller the E s , the smaller the width of the distribution. This is obviously a reflection of Heisenberg's uncertainty principle: when the distribution in coordinate space is wide, that in momentum space is narrow. As shown above, the neutron halo is formed in a nucleus having a very small neutron separation energy. The formation of a neutron halo can be identified by a large extension of the density distribution, or of an apparent large nuclear size, and by a narrow momentum distribution of the last neutron. A sudden increase in the nuclear radii can be seen in figure 1 for 11 Li, 11 Be, 14 Be, 17 B and 17 Ne. Narrow momentum distributions are observed for 11 Li, 11 Be and 14 Be in the fragment momentum distribution and in the neutron distributions (see figure 2) [7, 8] .
Except for 11 Be, all known halo nuclei have a pair of neutrons in the last orbital. Therefore, these halo nuclei have a three-body configuration that includes two loosely bound neutrons and a core which is more bound. Therefore, the realistic relation between the wavefunction and the separation energy is not as simple as that for a one-neutron halo nucleus. Many three-body calculations have been reported based on different types of models [6] . However, no experiment has been carried out to study the three-body structures of halo nuclei directly. Because of theoretical predictions, such as the di-neutron [13] and the Efimov effect [14, 15] , the study of a three-body loosely bound system carries special interest. is defined by σ I = π [R I (P ) + R I (T )] 2 , where P and T denote the projectile and target, respectively. Sudden increases of matter radii are seen for nuclei near neutron dripline [9, 10, 11, 12] . 
Masses
The masses of a halo nucleus and the neighbouring nuclei are of basic importance to understanding its structure. However, a measurement of the nuclear mass near the dripline is not trivial. In fact, as a typical example, the mass of 11 Li showed a large fluctuation between experiments until very recently. Table 1 shows the experimental results of the mass measurement of 11 Li. It is now considered that the mass measurements of 11 Li are giving consistent values [16] . Table 1 . Experimental values of 11 Li two-neutron separation energy.
Measurement
S 2n (keV) Ref.
Direct measurement '75 160 ± 80 [17] Time of flight '88 320 ± 120 [18] (π − , π + ) '92 340 ± 50 [19] 14 C( 11 B, 11 Li) 14 O '94 295 ± 35 [20] Average 294 ± 30 = 40.803 MeV Table 2 . Mass of 10 Li.
S n (MeV) lab (MeV) Identification
Wilcox et al [20] − 0.80 ± 0.25 1.2 ± 0.3 g s Amelin et al [21] − 0.15 ± 0.15 0.4 s 1 / 2 , gs Kryger et al [22] −0.15 or ∼ −2.5 g s Bohlen et al [23] − 0. The masses of 10 Li and 9 Li have special importance, because they give the binding energies of the last neutrons in 11 Li. The mass of 9 Li is well known with only a small error, = 24.9548 ± 0.0020 MeV. However, in spite of several measurements, the ground-state mass of 10 Li is still not clearly determined. Table 2 shows the experimental results of the mass determination of 10 Li. It is very difficult to see any agreement between the data. The most important question is whether or not the ground state has an s-wave component in the neutron. As discussed later, several experiments suggest the existence of an s-wave ground state very near to the zero separation energy. However, among the experiments, Bohlen's recent data [23] suggest that the ground state is in the p-wave, whereas recent data from MSU [16] indicate the s-wave ground state. Further experimental studies are necessary to confirm the ground state of 10 Li. The masses of other halo nuclei as well as halo candidates are given in table 3.
Nuclear radii and density distribution
The matter radii and density distributions of halo nuclei have been studied though measurements of the interaction cross section and the reaction cross section. In addition, measurements of the charge-changing cross section have provided additional information on the proton/neutron density difference.
A determination of the matter-density distribution of halo nuclei is not straightforward. At the present time, we have no model-independent method for determining density distribution. Until now, a simple Glauber model has had to be used to connect the density distributions and cross sections. Although the model is simple, it shows reasonable results for many cases.
Glauber model
The most-used model for the interaction (σ I ) and the reaction cross sections (σ R ) is the Glauber model. Let σ αβ be the cross section for a reaction [24] 
The initial projectile (P ) and the target (T ) are in their ground states. The relative momentum is − K. The projectile is excited by the reaction and goes to the state specified by α with a momentum transfer of q. The target nucleus receives a momentum transfer of q and goes to state β. α = 0 and β = 0 are defined to stand for the respective ground states. The reaction cross section is obtained by summing σ αβ over the possible final states (αβ), except for αβ = 00,
where the phase-shift function (χ PT ) for elastic scattering is defined by
Here ij is the profile function for NN scattering and i, j indicate a proton or a neutron. The interaction cross section represents the probability that the projectile loses at least one nucleon after a collision with a target nucleus, and can thus be obtained by summing σ αβ over all possible states, αβ, except for α = 0:
Using (3.2) and (3.4), Ogawa et al [24] estimated the difference between σ I and σ R ; it was found to be less than a few per cent for a beam energy higher than several hundred MeV per nucleon. A further simplification can be made if one introduces the optical-limit approximation and replaces the profile function by the NN cross sections under the zero-range limit. The reaction cross section (σ R ) can then be written as
where T (b) is the transmission for impact parameter b, which is calculated from the nucleondensity distribution and the total NN cross sections as
The index k = P (projectile) or T (target) and σ ij is the nucleon-nucleon total cross section in which indices i, j are used to distinguish a proton and a neutron. The nucleon-density distribution in the nucleus is written as ρ ki (r). Equation (3.7) was used by Karol [25] to estimate σ R for heavy-ion collisions. He obtained reasonable results. This model was tested more precisely using a known density distribution [9, 11] . The validity of this method was tested by stable nuclei. There, the proton-density distributions determined by electron scattering were used and the neutron distributions were assumed to be the same as those of the protons, except for the overall normalization. It was shown that these equations (3.5)-(3.7) reproduce the observed cross sections at 400A and 800A MeV within 2% for all reactions involving 7 Li, 9 Be, 12 C and 27 Al. Therefore, this simple optical-limit calculation of the Glauber model has proved to work well at high energies. However, one problem still remains. As mentioned above (3.7), these equations are based on a zero-range approximation. In this approximation, the nucleon-profile functions are set as a δ function and have no imaginary part. The inclusion of a realistic profile function, which is determined from the nucleon-nucleon scattering cross sections, gives slightly larger cross sections [24] . It is difficult to understand why a more realistic calculation gives a worse fit to the data. A careful and systematic re-examination of the relation between the cross section and the density distribution is necessary if one wants to make a detailed comparison.
Coulomb deflection has to be taken into account if one is to apply the same model to an energy lower than a few tenths of MeV per nucleon. This correction can be made classically by replacing the impact parameter (b) in (3.5) by the nearest distance (b c ) of the collision in the Coulomb trajectory. Kox et al carried out a calculation based on this model and showed that it reproduces the observed cross section very well down to ∼ 10 MeV, as shown in figure 3 , which shows the σ R of the 12 C+ 12 C reaction from 10A to 2000A MeV [26] . It is rather surprising to see that the Glauber model works so well at an energy as low as 10A MeV, where the assumption used to derive the Glauber model is not necessarily fulfilled. This agreement could be meaningful because of a hidden reason. For example, some assumptions may not put any strong constraint on calculating the integrated quantity such as the reaction cross section. The agreement could, however, also be accidental at such a low energy. Therefore, one should always be careful in applying this model to obtain any structure information at low energy. Energy dependence of the reaction cross section and a comparison with the Glauber model. A simple Glauber model can explain the C+C data well for a wide range of incident energies.
Density distribution
Let us look at equations (3.5)-(3.7) in more detail concerning a halo nucleus. We first separate the density of 11 Li into the core and the halo parts,
After substituting (3.8) into (3.5), the interaction cross section (σ I ) is decomposed into a contribution from the core (σ c ) and that from the halo (σ h ),
where the relation,
is used. Although σ c is exactly the interaction cross section of the core, σ h is modified by T c (r), the transparency of the core. Therefore, σ h corresponds to the reaction of the halo neutrons by the target, but without the core reaction. Thus, only a reaction at a large impact parameter contributes to σ h . By changing the target nucleus or the NN cross sections (by changing the projectile energy) a different part of the halo distribution can be studied. With a smaller target, or one with a smaller NN cross section, the halo density at a smaller r contributes to σ I . This method was applied for the high-energy (400A MeV and 800A MeV) interaction cross sections of 11 Li with H 2 , D 2 , Be, C and Al targets [11] . First, the core ( 9 Li) density distribution was assumed to have a harmonic-oscillator distribution. Then, the halo neutron density distributions were calculated under the assumption that the neutrons are bound in these potentials. The potential shape was calculated based on the core-density distribution by folding the Gaussian-shape NN interaction. A least-squares fit to the σ I 's was made using the harmonic-oscillator width and the depth of the potential as fitting parameters. Two different orbitals, 1p and 2s, were used for the neutron wavefunction, because the wavefunction is not well known. No two-body correlations between the halo neutrons were taken into account. Figure 4 shows the density distribution thus obtained, and table 4 gives the fitted parameters. The size of the 9 Li core from the fit is slightly larger than the observed value of a free 9 Li nucleus (R RMS = 2.32 ± 0.02 fm). Qualitatively, it is consistent with the motion of 9 Li around the centre of mass of 11 Li. The separation energy of the neutron, which was calculated from the fitted potential, differs between the 1p and 2s orbitals. The smaller value for the 1p orbital indicates that it is necessary to compensate for the centrifugal barrier that does not exist for the s wave. Since no nucleon correlation, essential for the binding of 11 Li, is considered, a direct comparison of the presently determined separation energy with the observed value (0.29 ± 0.03 MeV) is not very meaningful. Therefore, no selection of the orbital could be made from this analysis. In fact, both orbitals give essentially the same density distribution. The root-mean-square radius of the halo-neutron distribution is very large (4.8 fm). The determination of the relative contribution between the 1p and 2s orbitals is still a relevant topic for understanding the origin of the halo (see section 5). From figure 4 one can visualize the halo distribution. The long tail dominates the density for r > 5 fm. However, the density there is very low, 1/100 of the nuclearmatter density. Several theoretical model calculations based on various assumptions give reasonable reproductions of the experimentally deduced density. These include a Green function method [28] , cluster orbital shell model [29] , Faddeev's calculation [30] , a shell model [31] , a variational method [32] , a Hartree-Fock method [33] and others. They all reproduce the density distribution and the binding energy within the experimental errors. Some of them are shown in figure 4(b) . Therefore, we need more accurate data or a greater variety of data to distinguish these models [34] .
Two groups used the method to determine the density distribution of 11 Be and 11 Li using the energy dependence of σ I and σ R . Fukuda et al [27] measured the σ R of 11 Be+C and 11 Be+Be at 33A MeV and determined the density distribution of 11 Be. They also tested the effect of a possible large deformation in 11 Be and concluded that a long halo tail is necessary to reproduce the cross sections at 33A MeV and at 790A MeV simultaneously.
Shimoura [35] measured the σ R with 11 Li at intermediate energies and fitted the data by the Glauber model for all available data. Figure 5 shows all σ R and σ I of the 11 Li + C reaction. A density distribution that is essentially the same as that shown in figure 4 gives the best fit to the data, including the energy dependence. 11 Li interaction cross section. The experimental data are shown by the solid circles with error bars. The solid line is the optical limit Glauber calculations using a density distribution similar to that shown in figure 3 . The dashed curve shows the same Glauber calculations with a no-halo density distribution. The dotted curve is an optical-model calculation by Suzuki et al [36] . The open circle is the calculation by Ogawa et al using the Glauber model and (3.4) [24] . None of the models fit the data well at low and high energy simultaneously.
Although a fair fit to the energy dependence is obtained, it is not as good as that obtained for the target dependence at high energies. Let us consider one possible reason for this situation. The Glauber model has only two inputs for the calculation. One is the nucleon-density distribution, the other is the NN cross sections. In particular, only the average NN cross section, σ NN = (σ pp + σ nn )/2, contributes to σ I , because the proton and neutron distributions are the same in the target nucleus, 12 C. In the low nuclear-density (transparent) limit, the energy dependence of σ I is exactly the same as that of σ NN . On the other hand, no energy dependence appears in the high-density (black disk) limit. A realistic nucleon distribution should have an energy dependence somewhere between these two extremes. Another very important point is the fact that two σ I 's have equal values if the values of σ NN are equal, for example the values at 800 MeV and 125 MeV. Thus, the σ I 's at these two energies should have the same value. The data given in figure 5 show a possible asymmetry of σ I for high and low energies. The low-energy data are consistently larger than those at high energy; on the other hand, the data at 800A MeV are lower than the line.
This deviation raises questions concerning the cross section of a neutron-halo nucleus. One is the reaction mechanism, the other is a possible new effect in neutron-halo nuclei. Let us consider the situation from the point of view of the reaction mechanism. In the Glauber model shown above, Pauli blocking and Fermi motions are not considered. Kox et al [26] studied the Pauli-blocking effect by replacing σ NN by the Pauli-blocked effective NN cross section, determined by DiGiacomo et al [37, 38, 39] . It was estimated to reduce σ R by ∼ 3% at 300A MeV and ∼ 8% at 83A MeV. Therefore, it gives the opposite effect to that shown in figure 5 . Because Fermi motion only broadens the effective energy of the beam, it may be considered to have a negligibly small effect on σ I . However, a realistic calculation including this effect has not yet been made.
A careful analysis of the cross sections was made by the Niigata group. They first calculated σ I using (3.5) and the nucleon-nucleon profile function [24] . The results are shown in figure 5 by open circles. This shows the same behaviour as the simplified opticallimit calculation shown above. Therefore, the additional assumption in the Glauber model is not the cause of the discrepancy. They then used the optical potential under the eikonal and adiabatic approximations. Their results are shown by the dotted line in the figure. Although this calculation gives a good reproduction of the cross section up to 80 MeV, no calculation was made for an energy higher than 200A MeV, because the optical potential is not known for higher energy. However, it seems that their result does not reproduce the cross section at higher energy if one extrapolates the line smoothly. Of course, changing the optical potential arbitrarily to fit the data is not a solution to the present problem.
To conclude, at the present time, no model can explain the energy dependence of the 11 Li+ 12 C reaction, particularly at low energies. It should be noted that the energy dependence of 12 C+ 12 C was reproduced quite well by a Glauber-model calculation (see figure 3 ). This may, therefore, suggest some unknown effects due to the 11 Li structure. One interesting possibility is the excitation of soft resonances of many different multipolarities. However, no other related information is yet known, and the question is still open. The energy dependence of the interaction cross section may provide new information on the halo structure. However, it may unfortunately be due only to a complication of the reaction mechanism at low energies.
Decoupling of core and halo
As shown in section 1, narrow momentum distributions of projectile fragments from halo nuclei are one conclusive indication of the halo structure. In 11 Li fragmentation, such a narrow distribution is observed only in 9 Li fragments, but not in others, such as 8 Li or 8 He. This suggests that only the two neutrons in the last orbital contribute to form the neutron halo. In addition, an analysis of the density distribution in the previous section shows that the core 9 Li in 11 Li is not strongly modified by the free 9 Li. Other information was obtained from neutron-removal cross sections and charge-changing cross sections. In the following we see those data that show a decoupling of the core and halo.
Two-neutron removal cross section and size of the core
It is important to know how much the core of the halo nucleus is modified. Essentially, all presently available models of a halo assume that the core of a halo nucleus is not modified from its free state.
By extending the Glauber model to nucleon-removal cross sections, one can obtain a relation between the neutron(s)-removal cross section (σ xn ) and the interaction cross section. If the core and the halo are decoupled as,
where 0 is the ground state of the core nucleus and φ 0 is the halo-neutron wavefunction in the ground state of a halo nucleus 0 . One can then obtain the relation
where it is assumed that no bound nucleus exists between nuclei 0 and 0 . 
(mb) (mb) (mb) 6 He 790 189 ± 14 219 ± 8 11 Li 790 220 ± 10 260 ± 20 11 Be 790 169 ± 4 129 ± 13 14 Be 790 210 ± 10 182 ± 71 a All reactions are with a carbon target.
As can be seen in table 5, all known halo nuclei show that this relation holds reasonably well, thus suggesting a decoupling of the core and the halo wavefunction to the first order. However, possible slight differences may be seen between the neutron-removal cross sections and the difference in the interaction cross sections for the 6 He, 11 Li and 11 Be cases. They may suggest a slight change in the core. Suzuki et al [36] evaluated the component of the pure three-body amplitude (core + n + n) from these data and concluded that this component is 0.85 ± 0.10 for 11 Li and 0.87 ± 0.10 for 6 He. However, no study has been made experimentally concerning the amplitude of core-excited configurations.
Proton distribution in neutron-halo nuclei
Does the proton distribution change when a neutron halo has developed? Since all the measurements for unstable nuclei have so far used strong interactions, no direct information concerning the charge distribution or proton distribution is available. A persistence of the core, which includes protons as well as neutrons, suggests no drastic change in the proton distribution. However, it may not be very sensitive to the proton distribution, because the core itself is a neutron-rich object, except for the 6 He case. The separation energy of a proton in a neutron-rich nucleus is large, so that the wavefunction is not expected to have a long asymptotic tail. As previously mentioned, a narrow momentum width is observed only in fragments, in which only one or two neutrons are removed, depending on the single-neutron halo or two-neutron halo, respectively. Other fragments, in which at least one proton is removed, do not show such a narrow distribution. Therefore, a proton does not show a halo-like distribution in a neutron-halo nucleus.
Blank et al [40] measured the charge-changing cross section of Li isotopes. If we can believe a geometrical model, the charge-changing cross section gives the overlapping size of a proton. In practice, however, a proton may also be emitted from an excited fragment that is produced by neutron removal. This process gives an additional cross section to the charge change. Therefore, the charge-changing cross section is considered to give the upper limit of the proton radius. The measured charge-changing cross sections do not change from 7 Li to 11 Li, as shown in figure 6 . This therefore indicates that the proton distribution changes only slightly from 7 Li to 11 Li. The magnetic and quadrupole moments of a nucleus also provide information on the matter distribution. In particular, the quadrupole moment is proportional to r 2 and thus has a sensitivity to the size of the charge distribution as well as to the deformation. Both the magnetic and quadrupole moments have been determined for 11 Li. Both values are almost the same as those of 9 Li, thus indicating that the charge (or proton) distribution does not visibly change from 9 Li to 11 Li [41] (see also the discussion in section 6.3). All the measurements carried out so far are consistent with the persistence of the proton Figure 6 . Charge-changing cross sections and the reaction cross sections of Li isotopes at 80A MeV on a carbon target. Although the reaction cross section increases with the neutron number, the charge-changing cross section remains constant. This shows that the charge distribution does not change greatly from 8 Li to 11 Li. distribution before and after the formation of a neutron halo. Therefore, the known strongly attractive p-n interaction does not affect the proton distribution to any visible extent. However, it is still an open question as to whether the proton distribution is completely decoupled from the halo.
Halo wavefunction
In this section we see more details about the halo wavefunction.
Fragment momentum distribution
Studies concerning projectile fragmentation at high energy ( 400 MeV per nucleon) have shown the following characteristics of the momentum distribution of the projectile fragments of stable nuclei [42] :
(i) The momentum distribution in the fragment frame is Gaussian.
(ii) This shape is the same for the beam direction (P ) and for the direction perpendicular to the beam (P t ) for the core part. (iii) A spectrum is characterized by its central momentum ( P ) and standard deviation (σ (P )). The value of P was found to be in the range −10 to −130 MeV c −1 for various fragments (a negative sign for P indicates that the fragment speed is less than that of the projectile). (iv) Although the central part of the spectrum is symmetric for the P and P t directions [σ (P ) ≈ σ (P t )], a longer tail is observed in the P t direction.
The width of the momentum spread (σ (P )) as well as P is found to be essentially independent of the target mass and beam energy, but does depend on the mass number of the projectile (A P ) and of the fragment (A F ). The dependence of σ (P ) on A P and A F can be expressed as
where σ 0 = 90 MeV c −1 . σ (P ) takes its maximum value when A F = A P /2. The width (σ (P t )) of the transverse momentum distribution of the fragment is found to be equal to σ (P ), which is consistent with an isotropic production of fragments in a frame moving at β = − P /E in the projectile frame. The value of σ (P ) is known to remain constant down to energies as low as 20 MeV c −1 [43] . It was found that σ (P t ) behaves differently at low energies. Empirically, it was shown that at projectile energies below 200 MeV per nucleon, σ (P t ) is fitted by
where σ 1 = 200 MeV c −1 [44] . Goldhaber [45] explained the σ 0 based on the nucleon Fermi motion and associated σ 0 with the Fermi momentum (P f ) as
where P 2 is the mean-square momentum of the nucleon. Hüfner and Nemes [46] studied the relation between the internal nucleon motion and the fragment momentum distribution and concluded that one can obtain the internal momentum distribution of nucleons from the observed P distribution of the fragment. According to them, the P distribution of a single-nucleon-removed fragment can be written as As a different formulation for extending the method used for stripping reactions to many-nucleon removal, the momentum width of the projectile fragment is expressed by the separation energy of the last nucleons,
for one-nucleon removal. Here, u is the atomic mass unit and ε is the average separation energy of the removed nucleons. If we assume a two-body break up of a projectile by the separation energy (ε), (5.4) gives the momentum of the fragment under a sudden approximation. By approximating the Lorentzian by a Gaussian having the same second derivative at the peak, one can obtain (5.6). The only difference is replacing ε by ε. The P distributions of fragments from halo nuclei 11 Li, 11 Be and 14 Be were recently measured at NSCL and at GSI [47, 48, 49, 50] . All of them show a width σ (P ) ∼ 20 MeV c −1 , much narrower than that observed in the fragmentation of stable nuclei, as shown in figure 7, for example.
As discussed above, the σ (P t ) is the same if a high-energy projectile is used. The transverse momentum distributions of fragments from 11 Be and 11 Li reactions with a carbon target were measured at 790A MeV [51, 52] . Figure 2 gives the transverse momentum distribution of (a) a 10 Be fragment from the 11 Be + C reaction and (b) a 9 Li fragment from the 11 Li + C reaction. Both sets of data show a very narrow peak on top of another wider peak. The fitting of the momentum distribution by two Gaussians gives widths σ narrow = 25 ± 4 MeV c −1 and σ wide = 109 ± 7 MeV c −1 for the 10 Be spectrum. In 9 Li, σ narrow = 21 ± 3 MeV c −1 and σ wide = 80 ± 4 MeV c −1 . Although the separation of the momentum distribution into two Gaussians is somewhat arbitrary, it was shown that neither the fit by a Gaussian nor that by a Lorentzian is good, for the entire range of momenta. In conclusion, the small values of σ (P ) and σ (P t ) indicated that the removed neutrons have a small momentum fluctuation, and thus a long density tail.
The narrow width of 10 Be is consistent with a value of 21 MeV c −1 , which was estimated from the separation energy of a neutron (S n = 503 keV) using (5.5). It is more complicated for 11 Li, because two neutrons are in the same loosely bound orbitals. However, if two-neutron cluster removal is assumed, the observed narrow width gives ε = 0.34 ± 0.16 MeV, which is consistent with the two-neutron separation energy:
MeV. Therefore, both spectra are consistent with the expected narrow momentum distribution of weakly-bound last neutrons.
Neutron momentum distribution
The momentum distribution of neutrons in the fragmentation region may also carry halo information. Moreover, the correlation of neutrons in the halo may be studied by a comparison of the neutron spectrum and the related fragment spectrum [28] .
Recently, many measurements of neutrons from 6 He, 8 He, 9 Li, 11 Li, 11 Be and 14 Be have been reported [7, 8, 52] . However, the nucleon distribution does not behave as that of a fragment because of a complication in the reaction mechanism, such as a mixing of the evaporation processes. It has already been pointed out by Hüfner and his collaborator that one has to study the fragment momentum distribution, not the nucleon distribution, to obtain the internal motion.
Neutron P t distributions from various projectiles at 800A MeV are shown in figure 8. Let us first consider the 9 Li+C → n+ 8 Li+X reaction (neutrons are detected in coincidence with 8 Li), the P t distribution is wide and has a width σ t of 110 MeV c −1 . This is consistent with the distribution of neutrons of diffractive scattering on a C target (n + C) with an initial momentum spread on the order of the Fermi motion of a neutron in the projectile. The curve in this figure shows the distribution calculated in this way. This component is observed in all the data shown in figure 8 , indicating that it is from the diffractive scattering, as considered above. In addition, a narrow peak is seen in each of the spectra on top of this component for others. In these reactions, a projectile has two valence neutrons. One of them becomes unbound if the other is removed and can thus be expected to be emitted simultaneously without any further collisions. This is why one could expect that this narrow spectrum might give information concerning the internal momentum of the halo neutron. Figure 9 shows the neutron-separation-energy (S n or S 2n ) dependence of the width. The σ 0 for the fragments in one-and two-neutron removal shows a monotonic rise for larger S xn . The solid line in figure 9(a) shows the value calculated by (5.6), assuming a two-neutron cluster for two-neutron removal ( ε = S 2n ). The line reproduces the data well. On the other hand, the width (σ ) of the neutron distribution does not follow the same tendency. The width for 8 He and 9 Li is as small as that for 11 Li, which thus shows that the other reaction mechanism is important. A sequential decay process is considered to be important for such a neutron spectrum. In this process, one neutron is removed by the interaction of a neutron with the target (see figure 10) . The recoil momentum distribution of the 'A − 1' system is given by the one-neutron separation energy (S n ). Then, a particle-unbound 'A − 1' decays by emitting a second neutron with a recoil momentum given by the decay Q value. The mean-square momentum width of the second neutron is given by
The first term is usually small because of the factor 1/A(A − 1). Therefore, the width of the neutron spectrum is mainly determined by the decay Q value. Using the known excited states shown in figure 10 , Kobayashi obtained the widths indicated by the dashed line in figure 9 (b). Although some discrepancies remain, the overall tendency of σ is reproduced well. For a more realistic fit, one has to include other channels, such as the direct break up and sequential decay from higher excited states. The contributions from these processes give a larger value of σ and are thus consistent with the deviation of the data from the dashed line. However, no realistic calculations including all those effects have yet been made. In contrast to the neutron spectrum, the σ for fragments is rather insensitive to this sequential decay process. This is because σ is expressed as
In this case the first term dominates in most situations.
As can be seen above, a two-step process (fragmentation and evaporation) plays an important role. In this process, although the fragment momentum spectrum is determined mainly by the fragmentation process, the neutron spectrum is determined mainly by the evaporation Q value and thus does not carry information about the halo wavefunction.
The neutron P t spectra were also measured at lower energies, as shown in figure 11 [7, 8] . They show essentially the same behaviour. However, a difference can be seen in the spectra with heavy (high-Z) targets. The neutron distribution from the 11 Be + C → n + 10 Be + X reaction shows no narrow peak, because 11 Be is one neutron halo and the neutron is scattered by the reaction. However, a narrow peak rapidly develops when the target becomes heavier. This indicates the progressive importance of the Coulomb interactions, because the nuclear reaction does not change greatly. This also indicates that the probability of exciting the projectile by a strong interaction is relatively small. Therefore, the following three different mechanisms are involved in the reaction:
(i) scattering or diffraction of halo neutrons (ii) scattering of the core 10 Be (iii) Coulomb dissociation.
Until now, no firm determination of the relative importance of these mechanisms has been made quantitatively. The Coulomb interaction is discussed in section 6. 
Neutron correlation in halo
Except for 11 Be, two neutrons form halos in nuclei. In all cases, the nucleus with one less neutron is not stable against neutron emission. It is therefore obvious that a correlation between two halo neutrons is essential to make these nuclei bound. The paring energy, for example, was studied for intermediate-mass nuclei. It was found that the paring energy decreases as the neutron number increases. If one extrapolates this result to the neutron dripline, the expected paring energy would be positive and thus unrealistic. On the other hand, the odd-even regularity of the particle stability observed near the dripline indicates the importance of the correlation. Is it due to the same mechanism observed as a paring correlation near to the stability line, or is it a different correlation, such as a di-neutron cluster?
An extraction of the strength of the correlation was first attempted by means of a comparison of the one-and two-neutron momentum distributions [28] . Although this analysis was performed using the observed neutron and fragment momentum distributions, it turned out not to be meaningful because the observed neutron momentum distribution reflects not the internal motion, but the decay Q value, as discussed above. Because of this complexity, no determination has so far been made for the internal neutron momentum distribution, therefore this method cannot be applied.
Another method is to compare the fragment momentum distribution and the halo-density distribution. Suzuki et al analysed the momentum distribution of 6 He [53] . They calculated the momentum distribution of a 4 He fragment using the Glauber-type model (section 3.1). Firstly, a cluster-orbital shell-model wavefunction that fitted the observed nuclear radius was used. The calculated momentum distribution is much broader than the observed one, as shown in figure 12 . On the other hand, a di-neutron cluster wavefunction (L = 0, S = 0), in which neutrons are strongly correlated, gives a distribution that is narrower than that in the experiment. By making a hybrid model, which is a linear combination of the clusterorbital shell model and the di-neutron model, they were able to fit the experimental data quite well. Although this fitting was rather artificial, it shows the importance of selecting the correlation of neutrons. In fact, the density distribution of halo neutrons is related not only to the single-particle wavefunction, but also to the positional correlation r 1 · r 2 .
The momentum distribution is then related to P 1 · P 2 . As these two quantities are inter-related by wave mechanics, one can expect to extract the correlation of halo neutrons in a rather model-independent way by comparing the density distribution and the fragment momentum distribution. However, no quantitative analysis has yet been made. For 6 He, the microscopic three-body calculation is expected to provide accurate information, because the core 4 He is extremely tightly bound. Such a calculation has been reported by many authors; they all reproduce the momentum distribution of the 4 He fragment well. Here, as an example, the results of three-body calculations by Zhukov et al are presented [6] . Figure 13 shows a two-particle correlation density plot of 6 He. The two-neutron density shows two separate peaks: one corresponding to a cigar-like geometry and the other to a di-neutron configuration. Although no direct information about such a correlation has yet been obtained, it would be an interesting experiment to see whether such configurations are mixed in a nucleus. In the same figure the calculated P t distribution of 4 He from a fragmentation of 6 He is shown (solid curve). This shows quite a good fit to the data.
Recently, measurements of all three final-state particles ( 9 Li and two neutrons) after the fragmentation of 11 Li were taken at MSU and at RIKEN and the two-neutron relative momentum spectrum was studied [54, 55] . However, the spectrum shows a statistical behaviour which illustrates the importance of the final-state interactions. The difficulty here arises due to the fact that the interesting relative momentum of two neutrons is much smaller than the inverse of the range of the neutron-neutron interactions. Therefore, an experiment that has weaker final-state interactions, such as (p, pn) quasi-free nucleon-nucleon scattering, would be suitable for studying the correlation of the neutrons in a halo state. This is because the expelled neutron has a momentum that is very far from the momenta of both the fragment Figure 13 . Two-neutron distribution of the 6 He wavefunction in a three-body calculation and the momentum distribution of 4 He in the same model. 9 Li and the partner neutron. However, no such measurement has yet been reported.
In spite of several trials, no definite conclusions concerning the correlation between halo neutrons have so far been reached.
In addition to the data given above, many measurements have been reported for 11 Li reactions. These are summarized in table 6 for the two-neutron removal cross sections and in table 7 for the momentum distributions (Riisager 1993) [50] . 
Electromagnetic moments
Electromagnetic moments also provide a sensitive test of the wavefunction. Table 8 gives the electromagnetic moments of Li isotopes. In particular, the electric-quadrupole moment is sensitive to a deformation of the nucleus. When an enhancement of the interaction cross section was observed, it was considered to be due either to an expended density distribution or to a large deformation. The measured value of the 11 Li quadrupole moments is the same as that of 9 Li and indicates that no great difference in shape exists between 9 Li and 11 Li. In addition, the magnetic moment of 11 Li is consistent with the Schmidt value. This therefore also suggested no drastic change in the spin structure. The magnetic and quadrupole moments of other halo nuclei are also listed in table 8. Minamisono et al suggested the existence of a proton halo by comparing the quadrupole moments of mirror nuclei 8 B- 8 Li. Details of the proton-halo discussion are given in section 5.6. The magnetic moments of mirror pair 9 C-9 Li also show an interesting anomaly, which may be related to an asymmetric configuration of a proton and a neutron. This is the first case in which both magnetic moments of T = 3/2 mirror pairs have been determined.
Through systematic studies of T = 1/2 mirror pairs, we know that the expectation values of the isoscalar spin operator ( σ z ) are quenched from the single-particle values due to first-and second-order configuration mixing. In particular, second-order configuration mixing through the tensor force is considered to be important for odd nuclei with the last odd nucleon just outside the magic number [63, 64] . The isoscalar spin expectation value ( σ z ) is obtained by summing pair moments,
where µ − (µ + ) is the magnetic moment of the nucleus of the neutron (proton)-rich side. The σ z is enhanced from the single-particle value by approximately 44% in the 9 C-9 Li pair, σ z = 1.44. Such a large enhancement of the spin-expectation value has never been observed before. A further analysis suggests that this enhancement is mostly from the evennucleon part. Since the magnetic moment of 9 Li is close to the Schmidt value, the anomaly may be considered to be due to the 9 C wavefunction. It is, however, difficult to introduce a strong break up of the isospin symmetry for these light nuclei since Z is small.
The magnetic moment is not very sensitive to a change in the nucleon-density distribution since its operator includes only an angular-momentum operator and no radial part. Let us consider a pair of mirror nuclei under isospin symmetry. The magnetic moments of these nuclei are presented by the isoscalar moment (µ s ) and the isovector moments (µ v ): The isoscalar and isovector moments (µ s and µ v ) are defined by
where
is the orbital g-factor of a proton (neutron) and µ p (µ n ) is the proton (neutron) magnetic moment. The expectation values are taken for the proton-rich nucleus and τ 3 = 1 for a proton. By inserting (5.12) and (5.13) into (5.10) and (5.11) we obtain
(1 + τ 3 )σ z (5.14)
where the free-nucleon values are
It is known from systematic studies of T = 1/2 mirror pairs that the expectation values of an even-nucleon group are always close to 0 for both the spin and the orbital operators [65, 66] . This is a reflection of the pairing coupling of the even nucleon. It is also known that the core polarization effects are larger for an odd nucleon (such as one of the valence nucleons).
Let us examine the mirror pair of 9 C-9 Li as an example. As the expectation value is taken for the proton-rich side, (1 − τ 3 )/2 indicates the expectation value for the odd-nucleon group and (1 + τ 3 )/2 that for the even-nucleon group. The magnetic moment of 9 Li is given by (5.14) . In this equation, the expectation values of an even nucleon (neutrons for Li) are always multiplied by small factors, and g n l = 0 and µ n = −1.913, compared with the factors on the odd part, g p l = 1 and µ p = 2.793. Moreover, the odd nucleon in these nuclei has only one nucleon in the p-shell, and, thus, the core polarization effect is expected to be small and the expectation values are close to the single-nucleon value. Therefore, the magnetic moment of Li is very insensitive to an anomaly in the wavefunction of neutrons, even if one exists. On the other hand, the magnetic moment of the proton-rich side is sensitive to a possible anomaly in the even-nucleon group. This is because the matrix elements of the even-nucleon group are multiplied by a large factor instead.
If this is the case, the closeness of the magnetic moment to the Schmidt value does not ensure the purity of the neutron wavefunction in 9 Li. Similarly, the magnetic moment of 11 Li is very close to the Schmidt value of the p 3/2 proton and so at first view, would seem to suggest that the wavefunction is rather pure. However, the same discussion as that given for A = 9 mirror pairs may apply to the magnetic moment of 11 Li. Although the magnetic moment is very close to the Schmidt value of the p 3/2 proton, this does not necessarily mean that the admixture of other orbitals is small in the neutron wavefunction. Unfortunately, the mirror partner, 11 O, is not bound and, thus, the magnetic moment would not be determined. Therefore there is no possibility of seeing this effect in the magnetic moment.
Beta decay
Beta decay also provides important information about the structure of 11 Li. The β-decay properties of 11 Li are shown in table 9. Primarily due to the large decay Q value, a variety of decay channels are open and have been reported. Up to three-neutron decay has been observed and the emissions of t and 4 He have also been reported. The observed log f t value for transition to the first excited state of 11 Be, log f t = 5.59, is much larger than the calculated values based on various available models, such as that with Cohen-Kurath interactions, log f t = 4.59-4.80. Suzuki and Otsuka studied this transition, including the effects of a neutron halo and a meson-exchange current [67] . They found that the formation of a neutron halo plays an important role in reducing the log f t value and that the two neutrons forming a halo have the p 2 1/2 configuration with only 60-70% probability. This therefore indicates a strong mixing of the sd-shell configuration in the two-neutron halo. Table 9 . Beta decay of 11 Li.
1.9 ± 0.2 11 Be 0.32 (1/2 − ) 9.2±0.7 11 Be gs (1/2 + ) < 2 log(f t) 11 Be * (1/2 − ) 5.59 [68, 69] Another interesting observation in the β-decay of light neutron-rich nuclei is the existence of strong 'super-allowed' decay [70] . Table 10 shows the observed GamowTeller reduced transition probabilities (B GT ),
For the super-allowed decays, B GT has a value on the order of unity. In all transitions of the most neutron-rich nuclei of isobars with mass numbers A = 6, 8, 9, 11, strong transitions, which are close to the Gamow-Teller sum-rule value (= 6) for a neutron pair with I = 0, T = 1 are observed. They all lie within a few MeV of the initial state. Borge et al suggested that this strong transition may be related to a di-neutron structure or a halo structure, since very loosely-bound neutrons may decay like a free neutron [70] .
On the other hand, Hamamoto carried out an RPA calculation of the Gamow-Teller resonance and found that the transition to a Gamow-Teller state is possible in two regions of the nuclear chart [71] . One is that of the light neutron-rich nuclei and the other is that of intermediate-mass proton-rich nuclei (see figure 14) . This becomes possible because the Only the triton branch is included in the calculation [70] . potentials of a proton and a neutron are very different. See, for example, the potentials for the case of 28 O, as shown in figure 15 . As a result of the strong attractive p-n interactions the potential for protons is much deeper than that for neutrons. Then, the corresponding single-particle state of a proton is very deeply bound. This difference become very large in very neutron-rich nuclei, when the T < state becomes lower than the initial state, as can be seen in figure 16 . Hamamoto concluded that it is this Gamow-Teller transition that gives the strong transition strength. Therefore, the strong transition may be due to the large asymmetry in the nuclear potential, but not to the halo structure. Although this may not provide information about the halo structure, it does provide a new tool for studying the Gamow-Teller strength in asymmetric matter. 
Proton halo
At the limit of the bound-proton-rich side, many nuclei have separation energies of less than 1 MeV. Do they have proton halos? Recently, it was claimed that the large quadrupole moment of 8 B was evidence of a proton halo [61] . The newly measured quadrupole moment of 8 B was compared with that of 8 Li. Under the assumption that the effective charges of the proton and neutron were equal to those of neighbouring nuclei, it was concluded that the RMS radius of the proton distribution should be large, r 2 1/2 p = 2.98 fm. However, the interaction cross section (σ I ) of 8 B+ 12 C, calculated using the wavefunction with this proton halo, is 30% larger than the observed value (5σ deviation). Therefore, it is not consistent with the interaction cross section data.
Several more proton-rich nuclei have been identified as proton-halo candidates by virtue of their small separation energies. They are 9 C (S p = 1.299 MeV), 12 N (S p = 0.601 MeV), 17 F (S p = 0.60 MeV) and 17 Ne (S 2p = 0.96 MeV). Recent measurements suggest that 12 N and 17 F do not show any enhancement of the σ I 's [12] . The σ I of 17 Ne, however, shows an enhancement [12] . Is there any systematic trend in these facts: no enhancement of the σ I for 8 B, 12 N, 17 F and possible enhancement in 17 Ne's σ I ? The obvious difference between a proton and a neutron is the Coulomb interaction. A proton sees the Coulomb barrier at the surface of the nucleus. Although the asymptotic form of the wavefunction may be the same, the amplitude is damped because of the barrier. The height of the Coulomb barrier exceeds 1 MeV, even if Z is as small as 5 (boron), if a normal Woods-Saxon-type density distribution is assumed.
The other type of barrier that affects the wavefunction is the centrifugal barrier. Since the centrifugal potential is proportional to l(l + 1)/r 2 , its height depends heavily on the orbital angular momentum of the halo neutron. Figure 17 shows the density distributions of a loosely-bound single proton and a single neutron in a Woods-Saxon-type potential. Distributions are shown separately for different orbitals: 2s, 1p and 1d. The effect of the Coulomb interaction and the centrifugal potential is clearly visible. It is seen, for example, for 2s, in which no centrifugal potential exists. The proton density does not extend as much as that of neutrons. In fact, the tail extends only up to that which corresponds to approximately E s = 1 MeV of the neutron distribution. The Coulomb barrier in this case is about 1 MeV. Therefore, the density distribution is almost the same as that with an effective separation energy, E eff s = 1 MeV, that is, the depth counted from the barrier height.
Figure 17.
Single-particle density distributions of a nucleon in a WoodsSaxon potential which has Z = 4, N = 3, for example. The effect of the Coulomb interaction and the centrifugal potential are clear.
If we now compare the neutron-density tail for different l, the tail is shorter for higher l orbitals. It is also true that the behaviour of the tail is similar for the same effective separation energy. The addition of a Coulomb barrier to a high l orbital is again shown in the figure. Now let us relate the above-mentioned tendency to the observed neutron halo nuclei. First, there is only one example of a single-neutron halo, 11 Be. This halo is pronounced, which is expected because the last neutron has 2s 1/2 as the main component of the wavefunction. On the other hand, 17 C, a candidate of another single-neutron halo, shows no enhancement of σ I in a measurement at intermediate energies ( figure 18 ). As shown in section 4, the enhancement of σ I appears sensitively at a lower energy. This therefore indicates that 17 C may not have a large neutron halo in spite of its small separation energy (0.729 MeV). The single-particle orbital of the last neutron is expected to be 1d 5/2 in 17 C. The observed small σ I is consistent with the large centrifugal barrier. All other known cases ( 6 He, 11 Li, 14 Be) and possibly 17 B, have two neutrons coupled to j n = 0. In a two-neutron halo, although single-particle orbitals may include l = 0, 1, and 2, the centrifugal barrier sensitively depends on the configuration of these two neutrons. For example, if they are coupled to a 1s di-neutron, there is no centrifugal barrier. On the other hand, if they are in a pure shell-model orbital without any correlation, the centrifugal potential is the same as the one felt by a single particle in the same orbital. This therefore requires a detailed microscopic calculation to determine the real strength of the barrier. On the other hand, the observation of the halo suggests that the centrifugal barriers for these nuclei are smaller than expected from the single-particle orbital alone. The neutron halo in 17 B therefore carries special interest in seeing the coupling of neutrons. The situation is different for proton-halo candidates. The candidates 8 B, 12 N and 17 F have a single proton in the last loosely-bound orbitals. Therefore, both the Coulomb barrier and the centrifugal barrier come into play and, thus, the tail of the density distribution is not expected to extend greatly. It is therefore consistent with a small or zero enhancement of the interaction cross section at high energy. The 17 Ne nucleus is an exception, in which two protons exist in the last orbital. The enhancement of σ I in a 17 Ne + C collision may thus indicate that the centrifugal barrier is very low in this nucleus and that a proton halo may be developed.
Qualitatively, all known halo candidates behave systematically as expected, based on the barrier effects. These situations are summarized in table 11. Those candidates with no barrier 11 Be clearly show a halo. In addition, all neutron-halo candidates with two neutrons in the last orbitals show an enhancement of σ I . Among them is the well-established halo nucleus 11 Li. All candidates which have a single particle in the last orbital with l > 1 show no enhancement of σ I . However, the barrier height is sensitively determined selfconsistently by the wavefunction. Therefore, the barrier height depends on the density distribution at the surface region of the nucleus and becomes lower when the wavefunction has a longer tail. Detailed studies are left for future discussion. Figure 19 shows the two-neutron separation energy (S 2n ) for He, Li, Be, B and C isotopes. The closure of the p 3/2 shell is seen as a change in the slope before and after N = 6 for Be and B. However, it is not seen in the Li isotope. It is also interesting to see that the effect of p-shell closure is hardly seen in Be isotopes. It is only seen for B and C isotopes. This suggests a strong mixing of orbitals, probably from the sd shell. As described in previous sections, several different orbitals contribute to the formation of a halo. Here, we discuss the interlacing of orbitals. One of the systematics was found by Talmi and Unna for a lowering of the 2s 1/2 state in N = 7 isotone [72] . They found that Figure 19 . Two-neutron separation energies (S 2n ) for He, Li, Be, B and C isotopes. The closure of the p 3/2 shell is seen as a break on the line at N = 6 for Be and B. However it is not seen in Li isotopes. the 2s 1/2 orbital comes down relative to 1p 1/2 when the proton number decreases from 8 to 4. They explained this phenomenon nicely by the shell model with residual interactions between the 1p 1/2 and 2s 1/2 orbitals. This tendency, relative not only to 1p 1/2 , but also to 1d 5/2 , can be clearly seen in figure 20 . In this figure, the relative energies from the 2s 1/2 state are plotted for both N = 7 and 9, the single-neutron hole states in the p shell and the single-neutron states in the sd shell in the naive shell model. Therefore, the 2s 1/2 orbital is also expected to contribute to the ground-state wavefunctions of neutron-rich nuclei with Z 5 as a result of this systematics. Mixing is important for an understanding of the formation mechanism and the correlation between neutrons in a halo. Two reasons may be considered for the lowering of the 1/2 + orbital. One is the onset of the deformation; the other is the small binding energy. If one considers the Nilsson diagram, the 1/2[220] state comes down when a prolate deformation develops. Therefore, it could be this state which is seen as a ground state of 11 Be. On the other hand, the E1 transition from the first excited state (1/2 − ) is not expected to be large if 1/2[220] is the main component of the ground state [73, 74] .
Single-particle orbital's dynamics
The effect of the binding energy on the order of single-particle orbitals has been discussed by Tanihata in relation to the dripline [75] . A simple Woods-Saxon potential model, as well as a relativistic mean-field model, predict an inversion of the 1d 5/2 and 2s 1/2 orbitals when the orbital binding energy decreases. This is due to a difference in the centrifugal barrier of the different orbitals. In the 2s 1/2 orbital, no centrifugal barrier exists and therefore, the kinetic-energy term can be made smaller by expanding the position distribution. In fact, inversion occurs when the binding of these orbitals occurs at around 1.4 MeV in the RMF-model calculations. Experimentally, inversion is seen between 16 N and 15 C, where the neutron-separation energies are 2.49 and 1.218 MeV, respectively. This is therefore consistent with the RMF-model result. These crossing mechanisms may also be related to the formation of the neutron halo observed in several neutron-rich nuclei. As shown above, a lower l orbital is preferred, to obtain more binding for loosely-bound nuclei. Thus, the latter has the tendency to make a longer tail in the wavefunction because of the small centrifugal barrier. In contrast, a large l orbital, which has a strong centrifugal barrier, is less bound and will not be the last orbital at the dripline. Therefore, the last orbital is preferably an available one which gives a longer neutron tail. The same argument may also work for dripline nuclei with an even number of corresponding nucleons. A larger binding energy will be obtained if the last neutrons couple to a state with a smaller L. This selection rule at the same time favours the formation of a neutron halo. However, the question is still open quantitatively for further detailed calculations.
A similar effect is seen for the proton-rich side. Figure 21 shows the related levels in A = 17 isobars. Until now, this shift was considered to be due only to the Coulomb effect. However, the same binding-energy effect may appear in addition to this. If one extrapolates this shift to 17 Ne, 2s 1/2 and 1d 5/2 have almost the same energy. It is also informative to see the low-lying levels in the 16 F nucleus. Although the spin assignment is not yet unambiguous, it suggests that the two lowest levels are the doublet (π 1/2 + , ν1/2 − ) and the two higher levels are the doublet (π5/2 + , ν1/2 − ). As shown above, 17 Ne shows a larger radius than its mirror partner, 17 N. This enhancement of the radius can also be understood if strong mixing or inversion of the orbital occurs. Let us return to a potential model. A slight change in the potential, such as a larger surface diffuseness or a smaller V l·s , causes a crossing to occur. An example is shown in figure 22 for a diffuseness parameter (a) of 1.0 fm. In addition, the crossing can easily occur if the l · s potential is shallower. The strength of the l · s term is of special interest in relation to the neutron and proton skin in unstable nuclei [76] . The isovector term of the l · s potential plays a very important role if a decoupling of the proton-and neutron-density distributions exists. However, it is a completely open question as to how the l · s potential changes in such a condition.
The lowering of orbitals with smaller angular momentum is common in the potential model. It could be interesting to see this in a wider range of mass. Figure 23 shows the single-neutron orbitals along the A/Z = 3 line with a spherical potential [77] . The magic numbers are seen as gaps in the orbital energy. The usual magic numbers are seen when orbitals are well bound. However, the behaviour of orbitals near the threshold is different. It clearly shows that the shell gaps at 20, 28 and 50 disappear when the binding energy is less than 1 MeV. However, the gaps at 82 and 126 are strong because only orbitals of high angular momentum are involved. Therefore, the magic numbers 20, 28 and 50 are expected to disappear when these orbitals are weakly bound, which is the case for nuclei far from stability. A more involved calculation has been made using the RMF model. This calculation was made by including axially symmetric deformation [78] . Figure 24 shows the difference between the two-neutron separation energies for neighbouring even-even Figure 22 . Single-particle orbitals in the WoodsSaxon-type optical potential. An inversion of 1d 5/2 and 2s 1/2 is seen in the 14 Be case, even with a normal surface diffuseness parameter (a). A larger diffuseness parameter (a = 1 fm) in 17 Ne also causes an inversion of two orbitals.
nuclei, S 2n = S 2n (A) − S 2n (A − 2). The magic numbers can be seen in the figure as the large number of S 2n . It is interesting that the magic numbers 20, 28 and 50 weaken and disappear in some cases for neutron-rich nuclei. In addition, some of the new strong shell gaps appear and disappear, depending on the neutron excess. The disappearance of magic numbers for 20 is consistent with evidence from several experiments. This drastic change in the magic numbers is of great interest for future experiments.
Soft mode of collective excitation
Due to the excess of neutrons on a surface (either the skin or the halo) new types of excitation modes can be expected. In particular, when a core and surface neutron are decoupled as = φ neutrons ψ core (6.1) some of the collective strength should be shared with the relative movement of the core and the surface neutrons. Although several predictions have been made for higher multipole excitations, such as E2 [79, 80, 81] , the study of such collective excitation is at a very primitive stage and experimental searches are made only on the E1 mode of excitation.
Electromagnetic dissociation of the neutron-rich nuclei
Electromagnetic dissociation (EMD) provides important information on the collective excitation of nuclei. For stable nuclear projectiles, observations of the EMD process at energies from 1A to 200A GeV have been reported and enhancements of fragmentation due to the EMD process have been clearly seen, particularly in the single-nucleon-removal channels on high-Z targets [82, 83, 84, 85, 86, 87] . This phenomenon was interpreted as resulting from the excitation and decay of an E1 giant dipole resonance (GDR) in a projectile by virtual photons associated with a rapidly-changing Coulomb field. Kobayashi et al [58, 88] observed the EMD process from the target dependence of the interaction cross sections (σ I ) for the first time for unstable nuclei. The large EMD cross sections are also seen in other neutron-rich nuclei, such as 8 He, 11 Be and 14 Be. Figure 25 shows the variation of the EMD cross section with the separation energy. It is clearly seen that a larger enhancement is observed for nuclei with a smaller separation energy. It is therefore considered that the observed large EMD cross sections are related to a specific nuclear property of extremely neutron-rich nuclei, probably due to a neutron halo and skin. An EMD process is considered to occur due to the excitation of a projectile nucleus by the virtual-photon field of a target nucleus. The EMD cross section is then calculated by
where N γ is the virtual-photon spectrum and σ γ is the photo-nuclear cross section. It is known that the GDR dominates σ γ in high-energy collisions. It has been shown [78, 79, 80, 81] that the observed EMD cross section for stable nuclei can be well reproduced by this equation from the known photo-nuclear cross section, σ γ (γ + B → X) and theoretically calculated N γ .
Soft E1 mode of excitation
Concerning the GDR of extremely neutron-rich nuclei, Ikeda suggested the possibility that the GDR could split into two components for nuclei with a neutron halo [89] . One component would correspond to the oscillation of core protons against core neutrons with a normal frequency, the other would correspond to the oscillation of the core against the skin and/or halo neutrons (see figure 26 ). Since the restoring force of the dipole oscillation is roughly proportional to the derivative of the density distribution, the frequency of the latter mode (so-called soft GDR) is expected to be very low. Several model estimates of the soft GDR spectra were reported and all predict a considerable strength at very low energy [90, 91] . On the other hand, a large dipole strength is also expected if the last neutrons are weakly bound, even if no GDR exists at low energy. The strong dipole strength, either with or without a GDR, is called the soft dipole mode.
Experimentally, an excited state of 11 Li, as a possible candidate for soft GDR, was observed at an excitation energy (E x ) of 1.2 ± 0.1 MeV, from an experiment on a double- charge-exchange (DCX) reaction induced by pions, 11 B(π − , π + ) 11 Li, at T π = 164 MeV by Kobayashi [19] . The spin and parity of the state were assigned as being 1/2 + , 3/2 + or 5/2 + from the measured angular distribution, so that the state can be excited by the E1 transition. However, it was not clear whether this state is the main component of the soft GDR or whether additional components are necessary, especially since the DCX reaction does not favour the excitation of a real collective state. A few more excited states have been observed by nucleon-transfer reactions [92] . However, no spin-parity assignment has been made, so the relation concerning the soft resonance is not clear.
Recently, the excitation distribution of 11 Li EMD was measured by two groups: one at MSU [55] and the other at RIKEN [54] . The excitation distribution of 11 Be was also measured at RIKEN [93] .
The E1 strength distribution in 11 Be has a special meaning because it has a single-neutron halo and therefore, no complications due to neutron correlations arise. In addition, it is known that a strong E1 amplitude exists between the first excited state (E x = 0.3198 MeV, I π = 1/2 − ). This therefore shows that the expected strength of the low-energy E1 resonance is in the bound state and therefore, the E1 strength observed in the EMD process is most likely to be due to the non-resonant continuum only. Figure 27 shows the measured E1 strength distribution. A direct break-up model calculation which gives the E1 distribution as
is shown by the solid curve. Here, S is the spectroscopic factor for the 2s 1/2 state, κ = √ 2µE s / , µ is the reduced mass, E s is the separation energy, E x is the excitation energy and r 0 is the radius of the square-well potential relevant to the halo neutron. The curve shows a good fit to the data, thus indicating that the transition is dominated by the non-resonant E1 transition of the halo neutron. The angular distribution of the 10 Be fragment in the recoil 11 Be frame is shown in figure 28 . The angular distribution is well reproduced by a shape confirming the dominance of the E1 transition [60] . However, recent theoretical studies by Bertsch and Bertulani show that the break up is instant and occurs at a close distance, independent of the mechanism, resonance or direct break up [94] .
At the present time, several experiments seem likely to give controversial results concerning our understanding of the origin of the soft E1 strength in 11 Li. Understanding the dipole strength is also important from the point of view of correlations of halo neutrons. Further accurate measurements are thus awaited.
Other reaction studies with halo nuclei

Elastic scattering of 11 Li
A recent development in the intensity of radioactive beams has enabled us to study the elastic and inelastic scattering of neutron-rich nuclei on proton targets. As an incident particle is the nucleus of interest, the reaction has to be studied by inverse kinematics. In an inversekinematic measurement, the energy resolution is not determined by the energy broadening of secondary beams, but by the energy resolution of the detected proton. Provided we use a thin target we can obtain a good energy resolution that is independent of the secondary-beam resolution. The elastic scattering was measured for 9 Li+p, 11 Li+p, 11 Li+C and 11 Li+Si at intermediate energies. Although a neutron halo has been observed in 11 Li from studies of high-energy collisions, elastic scattering is expected to provide more detailed information about the structure of the halo.
The result of the elastic-scattering angular distribution is shown in figure 30 , together with the proton elastic scattering of other Li isotopes ( 6 Li, 7 Li and 9 Li) [95] . The cross sections are similar for 6 Li, 7 Li and 9 Li; the absolute values are almost the same and the diffraction minimum systematically shifts to smaller angles for heavier isotopes, reflecting the increase in the matter radii. For 11 Li, however, the cross section is smaller by 50% compared with that of other isotopes. An optical potential fitting of the data has been reported by two groups. In the first case, a global parameter set was used as the starting point. Although this parameter set was determined from reactions with mass numbers larger than forty [96] , the parameter set fitted the 6 Li, 7 Li and 9 Li data very well, without any modification, as can be seen in figure 31(a) , where the angular distribution is plotted as a ratio to the Rutherford scattering cross section. However, it fails to reproduce the 11 Li cross section (the dashed curve in figure 31(b) ). Two different approaches were applied to reproduce the data. One is to change the parameters of the imaginary part of the potential. As shown by the dotted line (set A) in figure 31(b) , a reasonable fit was obtained. In contrast, the other approach is to change the real part of the potential. This also gives an equally good fit to the data, as indicated by the solid line (set B) in the figure [95] . Figure 30 . Proton elastic-scattering angular distributions of Li isotopes. Although the cross sections show a systematic behaviour for 7 Li, 8 Li and 9 Li, a sudden decrease is seen in the 11 Li spectrum.
The largest differences between these potentials are the depth of the real potential and the diffuseness of the imaginary potential. Set A has a long tail in the imaginary part of the potential, while set B has a very shallow real potential. The shallow potential is considered to reflect the break-up process. Due to the extremely small separation energy of the valence neutrons in 11 Li, the polarization potential is reflected as the repulsive force in the real potential. As these two extreme selections of parameter sets can fit the data equally well, one can imagine that many other different sets of parameters can reproduce the data. Therefore, no unique optical potential can be obtained without making additional assumptions.
In a second paper, a more intuitive method was applied [97] . Here, the optical potential was separated into two parts. One is the potential from the core ( 9 Li), the other is that from the neutron halo. The optical potential of 9 Li was first determined by fitting the 9 Li + p data using the initial values of the parameter from the global potential. Then, an imaginary potential having the same shape as the density distribution of the neutron halo determined from interaction cross section measurements, was added for 11 Li. The depth of the potential was then treated as the fitting parameter. A reasonable fit to the data was obtained. With slight adjustments of the other part of the potential, the fitting becomes excellent. Therefore, a model that explicitly includes the halo effect reproduces the data well.
However, in the analysis presented above it is not clear whether it is really necessary to take into account the halo structure in order to reproduce the data. In particular, it is not clear whether the effect of the break-up process is essential to the halo density shape. To answer this question, Suzuki et al calculated the cross section based on a four-body model, ( 9 Li+n+n)−p, in order to take into account the halo structure [36] . The eikonal and adiabatic approximations were used to derive an optical potential that includes the break-up effect of halo neutrons to continuum states. They were able to reproduce the cross section satisfactorily. Figure 32 shows the optical potentials of 9 Li and 11 Li obtained in this way. The p− 11 Li optical potential has a much longer tail than that of 9 Li+p. They concluded that both the break-up effect of the halo neutron and the n-p exchange force are important in obtaining a good agreement with the data.
The elastic scatterings of 11 Li were also measured with 12 C and 28 Si [98, 99] . As shown in figure 33 , three-body calculations give fair agreement with the data if inelastic scatterings are taken into account [34] . However, because of the uncertainty in the inelastic scattering, as well as the large error bars in the data, discrimination of the model could not be made. This situation is similar to that for the 28 Si case. Further experimental and theoretical studies are necessary to isolate the effect of the halo.
Summary
The author has tried to cover as many experimental studies of halo nuclei as possible and to describe the physics behind the scenes. The following is a summary of the status of the studies:
(i) Neutron halos have been observed in several nuclei. Among these, 11 Be and 11 Li are the most studied and established neutron-halo nuclei. Other promising candidates include 14 Be, 17 B and 19 B. (ii) The neutron halo is considered to be a common phenomenon in a nucleus with a small binding energy and a low angular momentum. (iii) An orbital with small l gains more energy than a high-l orbital near the neutron dripline.
Therefore, a halo state is preferred at the dripline if the corresponding orbitals are located in the vicinity. 
